Sodium pentobarbital and ketamine/xylazine have been widely used as anesthetics in mice. 9) However, Chaves et al. reported that inhalation anesthetic agents such as halothane have significant advantages when compared with injectable agents such as ketamine/xylazine. 4) It has been reported that when compared with other injectable anesthetics, such as pentobarbital and ketamine/xylazine, isoflurane anesthesia has a slight effect on the hemodynamic status of mice. [10] [11] [12] [13] Therefore, in animal experiments, it is important to consider the option of inhalation anesthesia. Indeed, the methodology of administering anesthesia changed markedly between the periods from 1990 to 1992 and from 2000 to 2002. Notably, there was an increase in the use of isoflurane and of injectable anesthetic combinations such as ketamine/ xylazine. 14) However, since ketamine was classified as a narcotic drug in 2006, its use now poses difficulties in Japan.
Additionally, since no appropriate instrument for the inhalation anesthesia of mice was available, this technique was performed only in a limited number of laboratories. Thus, the development of a system that can perform the inhalation anesthesia easily was desired.
KNI-472, a newly developed anesthetic system that incorporates a ventilator, is the first anesthetic system designed specifically for mice and rats (Fig. 1) . We performed inhalation anesthesia with isoflurane using KNI-472 and observed that the hemodynamic parameters in mice were stable. 15) We believe that this stability using KNI-472 was the result of maintaining a constant depth of anesthesia by strictly controlling the concentration of the anesthetic. 15) Therefore, inhalation anesthesia using KNI-472 is an important candidate for a method of general anesthesia. However, there are no results available with which to compare the inhalation anesthesia using KNI-472 with the other widely used anesthesia methods.
In this study, we evaluated the difference between the hemodynamic parameters obtained after administering the widely used intraperitoneal pentobarbital anesthesia with those obtained after administering inhalation anesthesia with isoflurane using KNI-472. We believe that the data obtained in this study could provide a basis for anesthetic regimens in future pharmacological studies.
MATERIALS AND METHODS
This study was performed in accordance with the institutional guidelines of Shinshu University and was approved by were purchased for this study. The animals were housed under standard laboratory conditions before and after the study. The mice were acclimated 1 week prior to the experiment. Water and food were provided ad libitum, and the environmental temperature was set at 22Ϯ2°C. General Anesthesia with Isoflurane or Pentobarbital Ten male ICR mice (10-week-old) weighing 32Ϯ1 g were used. In the isoflurane group, anesthesia was induced by placing the mice in an anesthesia induction chamber (KN-1010; Natsume Seisakusho Co., Ltd., Japan) containing 5% isoflurane (Forane; Abbott Japan Co., Ltd., Japan) and room air; this was followed by endotracheal intubation of the mice. Subsequently, the mice were mechanically ventilated and the anesthesia was maintained for a 60-min period (anesthetic maintenance state) using 2% isoflurane (respiratory rate, 90 bpm; tidal volume, 1.9-2.0 ml). The ventilation conditions were determined from reference values 10) and a preliminary experiment. Mechanical ventilation and the maintenance of anesthesia were performed using KNI-472 (NAR-COBIT; Natsume Seisakusho Co., Ltd., Japan).
In the pentobarbital group, the ICR mice were intraperitoneally anesthetized with 70 mg/kg sodium pentobarbital (Nembutal; Dainippon-Sumitomo Seiyaku Co., Ltd., Japan). In the preliminary experiment, the dose of pentobarbital at which the righting reflex disappeared in 60 min or more was determined to be 70 mg/kg in order to perform pentobarbital anesthesia under the same conditions as those for isoflurane anesthesia. In this study, the time of disappearance of the righting reflex in pentobarbital anesthesia was 72.2Ϯ5.6 min. All experiments were conducted from 10:00 a.m. to 4:00 p.m. Moreover, each anesthesia group was formed and examined randomly.
Evaluating Mean Blood Pressure, Heart Rate, and Skin Blood Flow The heart rate (HR), mean blood pressure (MBP), and skin blood flow (SBF) were simultaneously measured in the same animal (Fig. 1) . The HR and MBP were measured at the tail artery using a noninvasive blood pressure monitor (BP-98A; Softron, Japan). Both these parameters were measured in the conscious state (pre) and at 0, 5, 15, 30, and 60 min after the initiation of the anesthetic maintenance state. The HR and MBP were measured 3 times at each time point, and the values were expressed as an average of the 3 measurements. The SBF in the hind leg was continuously measured over a 60-min period during the anesthetic maintenance state by using a Laser Doppler Perfusion Imager (PeriScan PIM II; Integral, Japan). The SBF values calculated at each time point (0, 5, 15, 30, 45, 60 min) were the averages of the values recorded over 5 min; these averages were calculated using a personal computer (Windows XP system). The variation in SBF estimates were compared using coefficients of variation (CV%), which were calculated as standard deviation/meanϫ100%.
Blood Gas Analysis Ten male ICR mice (10-week-old) weighing 32Ϯ1 g were used. In the isoflurane group, the mice were anesthetized with 5% isoflurane prior to endotracheal intubation. Subsequently, they were mechanically ventilated and the anesthetized condition was maintained for a 15-min period using 2% isoflurane. Both the mechanical ventilation and maintenance of anesthesia were performed using KNI-472. The methods used in administering anesthesia in this study were the same as those described previously. On the other hand, in the pentobarbital group, the ICR mice were anesthetized with 70 mg/kg sodium pentobarbital. The arterial blood was sampled from the abdominal aorta, and the blood gases were analyzed using an automatic blood gas analyzer (pHOX Basic; Nova Biomedical, Japan). During the entire period of the study, the anesthetized mice were placed on a mat to keep them warm and to prevent hypothermia.
Statistical Analysis The results are expressed as meansϮstandard error (S.E.). In order to compare the effects of the anesthetics, the relative differences between the average values obtained during the conscious resting state and those obtained during the anesthetic maintenance state were calculated. Statistical significance was determined by analysis of variance (ANOVA) followed by the Dunnet test, and p values less than 0.05 were considered to be significant. Figure 2 shows the average changes in the HR of mice over a 60-min period during isoflurane or pentobarbital anesthesia. The data are expressed relative to the average resting values obtained during the conscious condition. Compared with the average resting values of HR in the conscious resting state, the HR values in the isoflurane or pentobarbital anesthesia were significantly reduced by 14.3% and 9.7%, respectively, at the initiation of the anesthetic maintenance state (0 min). However, the HR during the anesthetic maintenance state was stable, and no significant differences were observed between the HR values in isoflurane and pentobarbital anesthesia. KNI-472 is a compact and useful inhalation anesthesia system specially designed for small animals. Air is used as carrier gas and an air pump is included in the system. Gas flow is accurately measured and controlled by a mass flow controller. In place of conventional wick type vaporizer, a syringe pump is used for injecting the calculated volume of anesthetic agent (isoflurane, sevoflurane and halothane) in the vaporizing chamber. A constant flow, time-cycled pressure limited ventilator is integrated in the system. Figure 3 shows the average changes in the MBP of mice over a 60-min period during the isoflurane or pentobarbital anesthesia. The data are expressed relative to the average resting values obtained during the conscious condition. Compared with the average resting values of MBP in the conscious resting state, the MBP values in isoflurane or pentobarbital anesthesia significantly decreased by 30.7% and 51.3%, respectively, at 0 min. In pentobarbital anesthesia, MBP markedly decreased at 0, 5, and 15 min after the initiation of the anesthetic maintenance state (48.7Ϯ4.1%, 44.3Ϯ3.3%, and 44.9Ϯ3.6%, respectively); these changes were significantly different from those observed in isoflurane anesthesia. This decrease in MBP, which occurred after the initiation of pentobarbital anesthesia, gradually increased. Figure 4 shows the average changes induced in SBF during isoflurane or pentobarbital anesthesia. Compared with the average resting values of SBF at 0 min, the SBF values in the anesthetic maintenance state were not significantly different in either group. However, when the individual data were evaluated, the variation in the SBF values in pentobarbital anesthesia was remarkable as compared to that in isoflurane anesthesia (Fig. 5) . Table 1 compares the intra-group variability in the measured SBF values between isoflurane and pentobarbital anesthesia. The CV% was determined from the standard deviation and mean of the population following each treatment. The CV% in pentobarbital anesthesia were between 12.6-29.1% and those in isoflurane anesthesia were between 4.2-11.7%. The CV% values were higher in pentobarbital anesthesia than those in isoflurane anesthesia (from 1.7-to 2.9-fold).
RESULTS
The results of blood gas analysis 15 min after the initiation of the anesthetic maintenance state are shown in Fig. 6 . Neither hypoxia nor hypercapnia was observed in isoflurane anesthesia. Pentobarbital anesthesia was associated with increased acidosis of the blood as compared with isoflurane anesthesia. Moreover, a significant increase in PaCO 2 and a Values represent the mean (of 5 mice/group) CV% calculated as described in Materials and Methods. significant decrease in PaO 2 were observed in pentobarbital anesthesia as compared with isoflurane anesthesia.
DISCUSSION
This is the first report that compared our newly developed inhalation anesthesia system (KIN-472) with the other widely used anesthesia methods. We studied the hemodynamic effects of isoflurane anesthesia using KNI-472 and pentobarbital anesthesia, since pentobarbital is a well-established and commonly used injectable anesthesia in rodents, 16) and isoflurane inhalation has been useful in mice according to recent reports. 14) In isoflurane anesthesia, MBP and the variation in SBF were comparatively more stable than in pentobarbital anesthesia. Further, the data obtained in isoflurane anesthesia was sufficient for interpreting the results of the blood gas analysis as compared to those obtained in pentobarbital anesthesia. Thus, we think that isoflurane anesthesia using KNI-472 is suitable to be used in pharmacological experiments in which the hemodynamic state of mice. Further, we believe that the selection of anesthetics can have a profound effect on the estimation of hemodynamic parameters in mice.
Anesthesia is often required for experimental interventions and phenotypic evaluations in mice. However, in such experiments, anesthetic accidents such as death and unexpected hypotension can occur. The type of anesthetic used may have a significant impact on the hemodynamic parameters, and a wide range of anesthetic regimens has been used in mice, with dose regimens differing across laboratories depending on strain differences, previous experiences, and institutional regulations. 17, 18) Janssen et al. reported that in mice, isoflurane exhibits fewer systemic hemodynamic effects than pentobarbital anesthetics. They also reported that as compared to the cardiac index in the resting conscious state, that during anesthesia using the volatile anesthetic isoflurane decreased only slightly. 10) Szczesny et al. also reported that inhalation anesthesia with isoflurane is useful for experimental studies on mice for the following reasons: (1) simplicity of anesthetic administration, (2) rapid anesthesia induction, (3) easy control of the depth of anesthesia, (4) low percentage of complications, and (5) stable MBP and HR over a long observation period. 19) These reports suggest that isoflurane is a useful anesthetic for animal experiments. However, instruments for administering inhalation anesthesia easily have not been previously available. Therefore, inhalation anesthesia for mice has been performed only in a few laboratories, and general anesthesia has been performed experimentally by simple injection anesthesia. For this reason, we developed a new inhalation anesthesia system (KNI-472) and observed that the hemodynamic parameters were stable during anesthesia. 15) We think that the administration of inhalation anesthesia with high accuracy is achievable in experiments on small animals. Therefore, we believe that inhalation anesthesia using KNI-472 is an important candidate for a method of general anesthesia.
In this study, although no difference was observed in the HR values of both isoflurane and pentobarbital anesthesia, a significant difference in MBP was observed in the early stages. This can be attributed to a change in the depth of pentobarbital anesthesia with time. On the other hand, Janssen et al. reported that both HR and stroke index (SI) decreased in pentobarbital anesthesia. 10) They inferred that these decreases may be related to the direct negative inotropic action of pentobarbital.
2) Therefore, we believe that the negative inotropic effect of pentobarbital has also influenced the present data.
The intra-group variability in SBF was higher in pentobarbital anesthesia than in isoflurane anesthesia. It is well known that changes in HR and/or MBP affect SBF. Therefore, it is important to control the depth of anesthesia for stable HR, MBP, and SBF. Clearly, controlling the depth of anesthesia is considerably easier with inhalated than with injected anesthetics. On the other hand, the relatively high systemic blood flow during isoflurane anesthesia preserves peripheral organ perfusion during surgical interventions. In addition, isoflurane induces an increase in the regional cerebral cortical blood flow in mice. 20) Therefore, a stable SBF in isoflurane anesthesia may be related to the control of anesthetic concentration and increase in the systemic blood flow. Moreover, we think that a change in the depth of pentobarbital anesthesia influences the variation in SBF. Alternatively, the well-known parasympatholytic effect of pentobarbital 21) may also be related to the variation in SBF.
In previously reported methods of inhalation anesthesia, a nasal cone was used. 4, 22) However, this involves spontaneous breathing and poses the risks of hypoxia and hypercapnia. In this study, a stable hemodynamic state in isoflurane anesthesia could be achieved despite endotracheal intubation and the use of a fixed anesthesia concentration under mechanical ventilation. Indeed, the results of the blood gas analysis further revealed that the mice anesthetized with isoflurane exhibited neither hypoxia nor hypercapnia as compared with those anesthetized with pentobarbital. Therefore, we believe that mechanical ventilation is also required for stabilizing the hemodynamic state. We also established a methodology that involves simple endotracheal intubation in mice, which in turn facilitates mechanical ventilation. On the other hand, it is believed that mechanical ventilation is also useful in pentobarbital anesthesia; however, since the depth of anesthesia changes with time, an arrangement of mechanical ventilation conditions is difficult to achieve.
In this study, we demonstrated that the hemodynamic state was more stable in isoflurane anesthesia using KNI-472 than in pentobarbital anesthesia. When performing the experiments, it is necessary to consider that the depth of anesthesia may also affect humoral factors such as cortisol, catecholamine, and immune responses. Thus, these results reveal the importance of selecting an appropriate anesthetic drug and a suitable anesthesia methodology in pharmacological experiments. We believe that the new anesthetization method involving the use of KNI-472 is an important candidate for a general anesthesia method in pharmacological experiments.
In summary, there were no changes in the MBP, SBF, or blood gas parameters in isoflurane anesthesia using KIN-472, unlike in pentobarbital anesthesia. The changes in the MBP, PaO 2 , and PaCO 2 parameters observed in pentobarbital anesthesia were considered to be a result of the changes in the depth of anesthesia with time. These results indicate the importance of selecting an anesthesia methodology according to the purpose of an experiment in pharmacological studies. The inhalation anesthesia using KIN-472 is an important candidate for a method of general anesthesia in mice.
